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Transmitter including a composit amplifier 

TECHNICAL FIELD 

The present invention relates to a composite amplifier of the type that 
includes a main power amplifier and an auxiliary power amplifier, which are 
connected to a load over a Doherty output network. The invention also relates 
to a transmitter including such an amplifier and methods for operating such 
an amplifier and transmitter, respectively. 

BACKGROUND 

In cellular base stations, satellite communications and other communica- 
tions and broadcast systems, many radio frequency (RF) carriers, spread 
over a large bandwidth, are amplified simultaneously in the same power 
amplifier. For the power amplifier this has the effect that the instantaneous 
transmit power will vary very widely and very rapidly. This is because the 
sum of many independent RF carriers (i.e. a multi-carrier signal) tends to 
have a large peak- to-average power ratio. It also tends to have a similar 
amplitude distribution as bandpass filtered Gaussian noise, which has a 
Rayleigh distribution. 

A main difficulty in a power amplifier is efficiency. A conventional class B 
power amplifier exhibits maximum DC to RF power conversion efficiency 
when it delivers its peak power to the load. Since the quasi-Rayleigh dis- 
tribution of amplitudes in the summed transmit signal implies a large 
difference between the average power and the peak power, the overall 
efficiency when amplifying such a signal in a conventional class B amplifier 
is very low. For a quasi-Rayleigh distributed signal with a 10 dB peak- to- 
average power ratio, the efficiency of an ideal class B amplifier is only 28%, 
see [1]. 
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One way of increasing the efficiency of an RF power amplifier is to use the 
Doherty principle [1, 2, 3]. The Doherty amplifier uses in its basic form two 
amplifier stages, a main and an auxiliary amplifier (also called carrier and 
peaking amplifier, respectively). The load is connected to the auxiliary 
amplifier, and the main amplifier is connected to the load through an 
impedance-inverter, usually a quarter wavelength transmission line or an 
equivalent lumped network. 

At low output levels only the main amplifier is active, and the auxiliary 
amplifier is shut off. In this region, the main amplifier sees a higher (trans- 
formed) load impedance than the impedance at peak power, which increases 
its efficiency in this region. When the output level climbs over the so-called 
transition point (usually at half the maximum output voltage), the auxiliary 
amplifier becomes active, driving current into the load. Through the imped- 
ance-inverting action of the quarter wavelength transmission line, this 
decreases the effective impedance at the output of the main amplifier, such 
that the main amplifier is kept at a constant (peak) voltage above the 
transition point. The result is a substantially linear output to input power 
relationship, with a significantly higher efficiency than a traditional ampli- 
fier. 

The transition point can be shifted, so that the auxiliary amplifier kicks in at 
a lower or higher power level. This can be used for increasing efficiency for a 
specific type of signal or a specific amplitude distribution. When the transi- 
tion point is shifted, the power division between the amplifiers at peak power 
is shifted accordingly, and the average power loss in each amplifier also 
changes. The latter effect also depends on the specific amplitude distribu- 
tion. 

An important feature of Doherty amplifiers is that they are inherently band- 
limited, since the impedance inverting network only provides 90 degrees of 
phase shift at a single frequency. This has the effect that the Doherty 
principle, i.e. the suppression of RF voltage rise at the main amplifier above 
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a certain transition point, works poorly (inefficiently) outside a limited 
frequency band. This is because the suppression requires the voltages from 
the main amplifier and the auxiliary amplifier to be in perfect anti-phase at 
the output of the main amplifier. Since the quarter-wave network is really 
only a quarter wave (90 degrees) phase shift at the center frequency, and 
shorter or longer at frequencies below and above the center frequency, 
respectively, this requirement gets more and more violated the further one 
gets from the center frequency of the impedance inverter. 

SUMMARY 

An object of the present invention is to enhance efficiency of a composite 
amplifier provided with a Doherty output network. Preferably the efficiency is 
increased over a broader frequency band. 

The stated object is achieved in accordance with the attached claims. 

Briefly, the present invention enhances efficiency by separately pre-filtering 
the input signals to the power amplifiers in such a way that the signals 
meeting at the output of the main amplifier have the same frequency de- 
pendence. Preferably this is done by using filters representing the inverses of 
the frequency dependent power amplifier impedance and transimpedance, 
thereby flattening the frequency response of the composite amplifier over a 
broader frequency band. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention, together with further objects and advantages thereof, may best 
be understood by making reference to the following description taken together 
with the accompanying drawings, in which: 

' Fig. 1 is a simplified block diagram of a Doherty amplifier; 
Fig. 2 is a model of the output network of a Doherty amplifier; 
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Fig. 3 is a diagram illustrating the frequency dependence of the trans- 
impedance between the auxiliary and main amplifier; 

Fig. 4 is a simplified block diagram of an exemplary embodiment of the 
composite amplifier in accordance with the present invention; 

Fig. 5 is a diagram illustrating the input-output voltage characteristics 
of a prior art Doherty amplifier; 

Fig. 6 is a diagram illustrating the input-output voltage characteristics 
of a composite amplifier in accordance with the embodiment of fig. 4; 

Fig. 7 is a simplified block diagram of another exemplary embodiment of 
the composite amplifier in accordance with the present invention; 

Fig. 8 is a simplified block diagram of still another exemplary embodi- 
ment of the composite amplifier in accordance with the present invention; 

Fig. 9 is a diagram illustrating the input-output voltage characteristics 
of a composite amplifier in accordance with the embodiment of fig. 7; 

Fig. 10 is a diagram illustrating the input-output voltage characteristics 
of a composite amplifier in accordance with the embodiment of fig. 8; 

Fig. 1 1 is a simplified block diagram of a further exemplary embodiment 
of the composite amplifier in accordance with the present invention; 

Fig. 12 is a diagram illustrating the input-output voltage characteristics 
of a composite amplifier in accordance with the embodiment of fig. 1 1; and 

Fig. 13 is a block diagram of an exemplary implementation of the 
embodimentoffig.il. 

DETAILED DESCRIPTION 

Fig. 1 is a simplified block diagram of a Doherty amplifier. It includes a main 
power amplifier 10 and an auxiliary power amplifier 12. The output of auxil- 
iary amplifier 12 is connected directly to a load (antenna) 14, whereas the 
output of main amplifier 10 is connected to the output of auxiliary amplifier 
12 over a Doherty output network including a quarter wavelength transmis- 
sion line 16. On the input side an RF (Radio Frequency) input signal x is 
divided into two branches, one branch intended for main amplifier 10 and 
another branch for auxiliary amplifier 12. The auxiliary amplifier branch 
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includes a non-linear function block 18, which transforms input signal x into 
f2(x), and a phase shifter 20, which shifts the input signal to auxiliary ampli- 
fier 12 by 90 degrees. As indicated by antenna 14 the composite amplifier may 
be part of a transmitter, for example a transmitter in a base station in a 
cellular mobile radio communication system. 

Fig. 2 is a model of the output network of a Doherty amplifier. In this model 
the active part of the amplifier transistor outputs are modeled as linear 
controlled current generators. The finite output conductances of the tran- 
sistors, together with possible reactances, are lumped together as z P i and 
z P 2, respectively. The impedances presented to each current generator output 
node are defined as: 



z 

h 



i 2 =0 



z 22 - 



V2 

h 



2j = 0 



Similarly, the transimpedances, i.e. the voltage at the inactive amplifier 
output in response to an output current at the active amplifier, are defined 
as: 



^21 - . 



i 2 =0 



z 12 ^ 



_ V 1 



z"j =0 



Assuming that all components are reasonably linear, superposition can be 
used for analyzing this model. The composite amplifier output voltage (at the 
antenna) is here assumed to be the same as the output voltage at auxiliary 
amplifier 12, although in reality there can be a feeder cable, filters, etc. 
separating the actual antenna and the amplifier output. The combined effect 
of all these elements is included in the antenna (output) impedance, zant. 
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In an ideal lossless Doherty amplifier the impedance za and the transim- 
pedance zi2 are both affected by a frequency-dependent reactive part due to 
the quarter-wave transformer, which is only a perfect quarter wavelength at 
a single frequency, as well as reactive components of z P i, z P 2 and zant. 
However, the impedance zn and the transimpedance zi2 are also affected by 
losses due to the fact that the magnitude of the voltage at the opposite 
terminal is lowered for a given current stimulus. The frequency dependence 
of transimpedance Z12 is illustrated in fig. 3 for both the lossless and lossy 
case (in fig. 3 the design frequency is 1 GHz). The impedance zn would have 
a qualitatively similar frequency dependence. 

Since the primary function of auxiliary amplifier 12 in a Doherty amplifier is 
to keep the voltage at main amplifier 10 below saturation, the frequency 
dependence of all signals at the output P of main amplifier 10 should be the 
same. Thus, the output signal from main amplifier 10 and the transformed 
(by Zi) output signal from auxiliary amplifier 12, which meets the output 
signal from main amplifier 10 at P and keeps amplifier 10 below saturation, 
should have the same frequency dependence, and this frequency dependence 
should preferably be as flat as possible. The output P is located right at the 
power amplifier transistor collector. This can be achieved by pre-filtering the 
input signals to amplifiers 10 and 12 in such a way that the combined 
filtering actions of impedance and transimpedance is the same for both 
signals at output P. 

Fig. 4 illustrates an exemplary embodiment of the present invention achieves 
this result. In this embodiment the frequency dependence of the output 
signal from main amplifier 10 is eliminated by filtering the input signal with 
a filter haying the frequency. characteristics of zir 1 , the inverse filter of the 
impedance seen at the output of main amplifier 10. Similarly, an equaliza- 
tion of the transformed output signal from auxiliary amplifier 12 may 
obtained by filtering its input with a filter having the frequency characteris- 
tics of Z12" 1 , the inverse filter of the transimpedance between auxiliary 
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amplifier 12 and main amplifier 10. The terms zir 1 and Z12; 1 are, when 
observed in the frequency domain, equal to 1/zn and l/zi2, respectively. 

The analytical expressions for obtaining ii and h may be expressed as: 

V 1 

j — max -1 ^ 

a 

where f2(x) is a function that is 0 up to the transition point a, and thereafter 
has the same slope as x, as illustrated in block 18.. 



If the dimensionless signals £2(x) and x are represented in the time domain, 
"* w represent convolution in the time domain. If they are represented in the 
frequency domain, the symbol instead represents multiplication of frequency 
responses, and the multiplication with inverse filters can be written as a 
15 division by the filter instead. The derived network model is shown in fig. 4. 

Filters 26 and 28 may thus be represented by: 

Filter 26: ^^f 1 
a 



-1 



Filter 28: -F max * 12 

20 So far only the optimization of the voltage at the output P of main amplifier 

10 has been studied, and expressions for the optimal currents have been 
derived. The voltage amplitude at auxiliary amplifier 12 has been left out of 
the discussion. This is partly because a fixed hardware setup has been 
assumed, i.e. the impedance of the quarter wave line and the load has been 

25 assumed fixed. For a lossless system this is not a serious problem, the effect 

of optimizing for flat response and optimal amplitude at main amplifier 10 is 
that the output signal gets a slight frequency dependence. When losses are 
considered, however, the effect can be that the maximum voltage at auxiliary 
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amplifier 12 never reaches Vmax, even at maximum input levels. This consti- 
tutes a more serious problem, since the transistors then deliver less than the 
maximum power to the load (at peak output), while still having the same 
supply voltage, and the efficiency will drop. The simple solution is to either 
5 reduce the supply voltage, or to increase the load impedance until maximum 

voltage is achieved at peak output (the latter solution is preferred, since this 
scheme gives higher efficiency and more available output power). The 
compensation for losses can also have the effect that neither transistor 
reaches Imax, which also implies an under-utilization of the transistors. 

10 Impedances (load and quarter- wave line) may then have to be changed in 

order to use the maximum possible output power from the transistors. 
Equally important is to keep both transistors in the safe region, so that the 
maximum currents and voltages are reached but not exceeded. Note that 
when changing the impedances in the circuit, redesign of the compensations 

15 according to the depicted scheme is necessary. Also, if maximum power is 

not a design goal, the circuit can be optimized differently, to meet other 
objectives. 

The effect of the compensation in accordance with the embodiment of fig. 4 
20 is illustrated in fig. 5 and 6 with reference to a simulated example with a 

multi-carrier signal. 

In fig. 5 the normalized magnitudes of the voltages at main amplifier 10 and 
auxiliary amplifier 12 are plotted against the desired magnitude (the nor- 

25 malized amplitude of x) for the uncompensated case (prior art). The drive 

signals have been adjusted to keep both voltages within the linear (unsatu- 
rated) range of the transistors. The different slopes of the output signal 
(voltage at auxiliary amplifier 12) below and above the transition point 
indicate a static non-linearity. The different widths of these curves indicate a 

30 level- variant frequency dependence. The voltage at main amplifier 10 is not 

at all close to the desired constant level above the transition point, which 
means that the average efficiency will be low (although still probably better 
than for a class B amplifier). 
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The normalized magnitudes of the voltages at main amplifier 10 and auxil- 
iary amplifier 12 after efficiency-boosting in accordance with the embodi- 
ment of fig. 4 are illustrated in fig. 6. Compensation of the network for losses 
has been performed by changing the transmission line impedance and the 
load impedance. 

In the embodiment described with reference to fig. 4, the frequency depend- 
ence of the two signals meeting at output P was eliminated by equalizing 
filters on the input side. However, equalization is not strictly necessary from 
an efficiency-boosting viewpoint. Instead the essential feature is that both 
signals have the same frequency dependence. There are other ways to 
accomplish this. Two examples are illustrated in fig. 7 and 8. In both 
examples only one input signal is subjected to actual filtering, while the 
other input signal is only rescaled by a constant gain. 

In the embodiment of fig. 7 the auxiliary amplifier branch is equalized by 
Z12"" 1 and then filtered by zn to obtain the same frequency dependence as the 
main amplifier branch, which is only adjusted by a constant gain. Thus 
filters 26 and 28 are: 

V -k 
Filter 26: max * 
a 

Filter 28: -V^k^z^ 1 

where Zeis a constant that is selected to make the voltage at the output node 
of main amplifier 10 equal to V max . 

In the embodiment of fig. 8 the main amplifier branch is equalized by zir 1 
and then filtered by zi2 to obtain the same frequency dependence as the 
auxiliary amplifier branch, which is only adjusted by a constant gain. Thus 
filters 26 and 28 are: 
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Filter26: ' k z l2 *z x r l 

a ■ 

Filter 28: -V mSiX -k 

Fig. 9 and 10 illustrate the input-output voltage characteristics of the 
embodiments of fig. 7 and 8, respectively. As can be seen from these figures, 
the voltage at main amplifier 10 is close to the desired constant level above 
the transition point, which means that the average efficiency will be high. As 
expected, the lines are somewhat widened compared to fig. 6 due to the 
reduced equalization. 

In the embodiments described with reference to fig. 7 and 8, the frequency 
dependence of the two signals meeting at output P was partly reduced by 
equalizing filters on the input side (Z12** 1 and zir 1 , respectively). However, as 
noted above, equalization is not strictly necessary from an efficiency- 
boosting viewpoint. Thus, by considering only the essential feature that both 
signals should have the same frequency dependence, it is possible to elimi- 
nate inverse filters. An examples is illustrated in fig. 1 1 . In this example both 
input branches include filters that emulate the filtering produced by the 
other branch, thereby subjecting each branch to the same total filter. 

Thus, in the embodiment of fig. 1 1 the main amplifier branch is filtered by a: 
filter having the frequency characteristics of Z12, while the auxiliary amplifier 
branch is filtered by a filter having the frequency characteristics of zn. Thus 
filters 26 and 28 are: 

Filter 26: Vma *' k z l2 
a 

Filter 28: -V mBX -k.z u 
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Fig. 12 illustrates the input-output voltage characteristics of the embodiment 
of fig. 11. As can be seen from this figure, the voltage at main amplifier 10 is 
close to the desired constant level above the transition point, which means 
that the average efficiency will be high also in this embodiment. As expected, 
the lines are somewhat more widened compared to fig. 9 and 10 due to the 
eliminated equalization. 

Fig. 13 is a block diagram of an exemplary implementation of the embodiment 
of fig. 11. A simple but elegant method for obtaining the filters zn and zi2 
(the filtering by zi2 can be obtained by using Z2i instead) is to use input-side 
copies of the Doherty output network, containing the same passive circuit 
elements that are present in the actual output network. When such a 
network is driven by a current generator (small-signal transistor) on the 
input side, the output voltage automatically has the right frequency depend- 
ence. The requirement for this to work is that the transistor output parasitic 
•elements, the quarter-wave line and the antenna network impedance can be 
accurately modeled. A possibility is to scale the impedance of all elements in 
the network to get more realizable values and/ or better voltage and current 
levels. 

If the non-linear function f2(x) of the RF signal is produced by a class C 
amplifier, it can also be produced by driving amplifier G3 in class C mode. 
The amplification to higher voltage is preferably done in the preamplifiers to 
main amplifier 10 and auxiliary amplifier 12. The antenna network imped- 
ance is in this case modeled by a 50 Ohm resistance with a parallel 
resonator tuned to the center frequency. Amplifier G3 is a controlled current 
generator. The input impedance of (identical) amplifiers G2 and G4 together 
with appropriate additional reactances emulate the antenna network 
impedance Zant, and possible parasitics on the output of G3 are included in 
the corresponding Z P 2 and Z P i. Amplifier Gl provides a matching gain to 
main amplifier 10. The power amplifiers include necessary input matching 
networks and preamplifiers. 
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In practice, the performance of the described methods will depend on how 
well the characteristics of the Dpherty output network are known. Measuring 
transimpedances in the output network is often hard to do directly, since the 
(RF) voltage probe and the current injector will always have parasitics that 
must be taken into account. Indirectly, impedance parameters (Z- 
parameters) can be extracted by traveling wave measurements (S- 
parameters). A combination of different parameters that are easy to measure 
can also be selected. The required filters or emulating networks can then be 
designed using extracted impedances and transimpedances. 

The gain of the linear path to main amplifier 10 can be adjusted (at several 
frequencies to ensure amplitude flatness) by observing the starting point of 
compression in the output for a main. Compression should occur at a power 
corresponding to the transition point, if f2(x) is deactivated. 

Optimal suppression of the voltage rise at main amplifier lO above the 
transition point, requires phase and gain matching of the linear part to the 
non-linear part at this node. The phase matching, or electrical path length 
difference, should be sufficiently correct (within a fraction of a wavelength) 
before adjustment in order to avoid local minima at multiple wavelengths 
away from the correct one. 

Probing the voltage at main amplifier 10 for flatness above the transition 
point, instead of just observing the efficiency, can help in achieving maxi- 
mum efficiency. The probe must have high impedance to avoid increasing 
the losses or otherwise detrimentally affect the conditions in the circuit. 
Apart from that, the probe impedance can be incorporated in the efficiency- 
boosting compensations. 

Many parameters of the output network and amplifiers are slowly changing, 
due to aging, temperature variations and other environmental changes. This 
means that the efficiency of the amplifier may degrade from its initial level. 
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To cope with this problem, the filters and gains in the network can be made 
to respond in real time to the parameter variations. 

The adjustments described in the previous paragraphs can be automated by 
monitoring the output and possibly the voltage at main amplifier 10 and 
relate this to the signals inputted at various points in the network. The 
measured values can then be used for changing the parameters of the input 
network. An alternative is to insert special signals that are only used for 
measurements (pilot signals). 

An entirely digital implementation of the efficiency-boosting techniques will 
have advantages over an analog implementation in that the filters will be 
more accessible to detailed adjustments. An analog implementation relies on 
the adjustments of circuit elements, but the circuit itself is hard to change 
during operation. 

Since saturation is a somewhat vaguely defined state, with a transition 
region in which the power amplifier is neither a pure current source nor a 
hard-limited voltage source, solutions can be found in which a power 
amplifier is held slightly saturated over the "flat* voltage range. The methods 
proposed by the present invention can be used to control this amount of 
saturation very precisely so that efficiency is increased, over that of a strictly 
non- saturated amplifier, but the distortion does not grow above a set limit. 

Many different implementations are possible. Digital or analog signal pro- 
cessing can be used, and the processing can be performed with a variety of 
techniques, at baseband, intermediate or final (RF) frequencies. Arbitrary 
combinations of these can be used, matching the requirements for a function 
with a convenient way of implementing it. The solution can be used stati- 
cally, optimized at the time of manufacture or at specific times during 
maintenance, or dynamically adaptive, for continuously optimizing the effi- 
ciency of the amplifier. 
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It will be understood by those skilled in the art that various modifications 
and changes may be made to the present invention without departure from 
the scope thereof, which is defined by the appended claims. 
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CLAIMS 

1. A composite amplifier including 

a main power amplifier; 

an auxiliary power amplifier, said amplifiers being connected to a load 
over a Doherty output network; and 

means for pre-filtering amplifier input signals in such a way that the 
signals meeting at the output of said main amplifier have essentially the same 
frequency dependence. 

2. The composite amplifier of claim 1, including a pre-filter to said main 
amplifier having the same frequency dependence as the inverse of the imped- 
ance presented to the main amplifier current generator output node, and a 
pre-filter to said auxiliary amplifier having the same frequency dependence as 
the inverse of the transimpedance between said auxiliary amplifier and said 
main amplifier. 

3. The composite arnplifier of claim 1, including a pre-filter to said auxiliary 
amplifier having the same frequency dependence as a filter combination 
formed by the inverse of the impedance presented to the main amplifier 
current generator output node and the inverse of the transimpedance between 
said auxiliary amplifier and said main amplifier. 

4. The composite amplifier of claim 1, including a pre-filter to said main 
amplifier having the same frequency dependence as a filter combination 
formed by the transimpedance between said auxiliary amplifier and said main 
amplifier and the inverse of the inverse of the impedance presented to themain 
amplifier current generator output node. 

5. The composite amplifier of claim 1, including a pre-filter to said main 
amplifier having the same frequency dependence as the transimpedance 
between said auxiliary amplifier and said main amplifier, and a pre-filter to 
said auxiliary amplifier having the same frequency dependence as the inverse 
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of the impedance presented to the main amplifier current generator output 
node. 

6. A transmitter with a composite amplifier including 

a main power amplifier; 

an auxiliary power amplifier, said amplifiers being connected to a load 
over a Doherty output network; and 

means for pre-filtering amplifier input signals in such a way that the 
signals meeting at the output of said main amplifier have essentially the same 
frequency dependence. 

7. The transmitter of claim 6, including a pre-filter to said main amplifier 
having the same frequency dependence as the inverse of the inverse of the 
impedance presented to the main amplifier current generator output node, 
and a pre-filter to said auxiliary amplifier having the same frequency depend- 
ence as the inverse of the transimpedance between said auxiliary amplifier 
and said main amplifier. 

8. The transmitter of claim 6, including a pre-filter to said auxiliary amplifier 
having the same frequency dependence as a filter combination formed by the 
inverse of the impedance presented to the main amplifier current generator 
output node and the inverse of the transimpedance between said auxiliary 
amplifier and said main amplifier. 

9. The transmitter of claim 6, including a pre-filter to said main amplifier 
having the same frequency dependence as a filter combination formed by the 
transimpedance between said auxiliary amplifier and said main amplifier and 
the inverse of the inverse of the impedance presented to the main amplifier 
current generator output node. 

10. The transmitter of claim 6, including a pre-filter to said main amplifier 
having the same frequency dependence as the transimpedance between said 
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auxiliary amplifier and said main amplifier, and a pre-filter to said auxiliary 
amplifier having the same frequency dependence as the inverse of the imped- 
ance presented to the main amplifier current generator output node. 

11. A method of operating a composite amplifier including a main power 
amplifier and an auxiliary power amplifier, which are connected to a load over 
a Doherty output network, including the step of pre-filtering amplifier input 
signals in such a way that the signals meeting at the output of said main 
amplifier have essentially the same frequency dependence. 

12. A method of operating a transmitter provided with a composite amplifier 
including a main power amplifier and an auxiliary power amplifier, which are 
connected to a load over a Doherty output network, including the step of pre- 
filtering amplifier input signals in such a way that the signals meeting at the 
output of said main amplifier have essentially the same frequency depend- 
ence. 
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